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  Sister chromatids are held together by a protein complex called cohesin. 
Shugoshin proteins protect cohesin from cleavage by separase during meiosis I in 
eukaryotes and from phosphorylation-mediated removal during mitosis in vertebrates. 
This protection is crucial for chromosome segregation during mitosis and meiosis. 
Mechanistically, shugoshins shield cohesin by forming a complex with the 
phosphatase PP2A, which dephosphorylates cohesin, leading to its retention at 
centromeres during the onset of meiotic anaphase and vertebrate mitotic prophase I. In 
addition to this canonical function, shugoshins have evolved novel, species-specific 
cellular functions, the mechanisms of which remain a subject of intense debate, but are 
likely to involve spatio-temporally coordinated interactions with the chromosome 
passenger complex, the spindle checkpoint, and the anaphase promoting complex. 
Here, we compare and contrast these remarkable features of shugoshins in model 
organisms and humans. 
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Pushing and pulling 
   
 The movements of sister chromatids during cell division must be carefully 
orchestrated - first maintained together as a pair from S phase to metaphase - and then 
separated at anaphase. Failure to properly regulate these intricate spatio-temporal 
movements leads to chromosome instability and aneuploidy, with significant 
deleterious consequences such as tumorigenesis, birth defects, and infertility [1-3]. 
Central to this regulatory process is the balance between push and pull. Sister 
chromatids are pulled apart through their attachment to microtubules, which serve to 
draw them apart from each other and towards the spindle pole. To counteract this pull, 
there must be a push, the existence of which was first supported by cytological 
observations of chiasmata [4] and from dynamic chromosome studies [5]. This force 
emanates from the bipolar spindle and aligns each pair of sister chromatids on the 
metaphase plate through their attachment to the kinetochores [6]. The subsequent 
separation of sister chromatids to opposite poles at anaphase is due to the pulling force 
of the spindle machinery and to the sudden loss of cohesion between sister chromatids 
[7]. The sister chromatids are held together after replication by the cohesin complex, 
which forms a ring-like structure around them and pushes them together [8-10]. This 
complex comprises four subunits: two members of the structural maintenance of 
chromosome proteins family (SMC1 and SMC3), one kleisin subunit (RAD21/Scc1 
during mitosis and/or REC8 and/or RAD21L during meiosis), and a HEAT repeat 
domain protein (SA1/STAG1 or SA2/STAG2 at mitosis and/or SA3/STAG3 at 
meiosis) [11-16]. While cohesin is important for both mitosis and meiosis, there are 
subtle differences in the role it plays in these two processes 
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Sister chromatid cohesion in mitosis 
 In budding and fission yeast, cohesin persists along the chromosome arms and 
at centromeres until the onset of anaphase, when it is removed by the proteolytic 
cleavage of Scc1/Rad21 , the mitotic closing subunit of the cohesin complex, by the 
cysteine-protease separase to allow sister chromatid separation, a process referred to as 
the separase pathway. By contrast, in vertebrate mitotic cells, cohesin removal differs 
from yeast since it occurs in two steps for as yet unknown reasons. The cohesin 
present on chromosome arms is first released by the phosphorylation of SA2 by polo-
kinase 1 (PLK1); this process is referred to as the prophase pathway [17-20].  
However, cohesin stays at centromeric regions until the onset of anaphase to ensure 
that sister kinetochores can be captured by spindle microtubules from opposite poles, 
enabling chromosome alignment at metaphase and preventing precocious separation of 
the sister chromatids [21-23]. Cohesin is maintained at centromeric regions by the 
inhibition of separase by the protein securin. When all the sister chromatids are bi-
oriented at the metaphase plate, the spindle assembly checkpoint (SAC) requirement is 
satisfied, and the anaphase-promoting complex (APC/C) ubiquitinates securin, 
marking it for degradation [24,25]. This releases separase from inhibition, and it then 
cleaves RAD21-containing cohesin complexes, driving the dissociation of the 
remaining cohesin at the centromere and the subsequent segregation of sister 
chromatids [18,26]. This two-phase removal process requires a mechanism that 
distinguishes and protects centromeric cohesin during prophase in mitosis. 
 
Sister chromatid cohesion in meiosis 
 Meiotic division consists of a single DNA replication followed by two rounds 
of chromosome segregation, resulting in the production of haploid gametes from a 
diploid precursor cell. In eukaryotes, meiosis I (or reductional division), unlike 
mitosis, is characterized by chromosome pairing, crossing over between homologs, 
and suppression of sister centromere separation. Consequently, homologous 
chromosomes are linked by the chromatid regions where cross-over occurs between 
two homologous non-sister chromatids, named chiasmata, until the onset of anaphase 
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I, and sister kinetochores attach to microtubules emanating from the same spindle pole 
(mono-orientation). By contrast, in meiosis II, sister kinetochores are attached to 
microtubules emanating from opposite poles of the spindle (bi-orientation). Therefore, 
while homologous chromosomes are segregated away from each other in meiosis I, 
sister chromatid segregation does not occur until meiosis II [27].   
 During yeast and vertebrate meiotic prophase, chiasmata are maintained by 
cohesin complexes along the chromosome arms of sister chromatids keeping 
homologous chromosomes connected. In yeasts, the Scc1/Rad21 kleisin of the cohesin 
complex is substituted by its meiotic paralog Rec8.  During meiosis I, Rec8-containing 
cohesin complexes at the arms must be cleaved by separase to allow homologous 
chromosomes to segregate to opposite poles [28-30]. However, centromeric cohesin 
complexes, which are essential for the bi-orientation of sister chromatids in meiosis II, 
are maintained. At the metaphase II/anaphase II transition, Rec8-containing cohesin 
complexes are also thought to be proteolytically cleaved by separase, which allows 
segregation of chromatids [29,30].  Like yeast, vertebrate cells employ a similar 
mechanism to distinguish and maintain centromeric cohesion until the metaphase 
II/anaphase II transition  [31,32].  
 
The shugoshin family in yeast, flies and vertebrates 
 Experiments in Drosophila melanogaster and yeast demonstrated that cohesin 
is protected at centromeres during meiosis I by a protein (originally called Mei-S322 
in Drosophila) [33-36] that was dubbed shugoshin, which is Japanese for guardian 
spirit. These aptly named proteins have been discovered in nearly all eukaryotes, but 
there are species-specific differences in their functions. For example, they also protect 
centromeric cohesion in vertebrate mitosis [37]. Furthermore, different species encode 
a different number of paralogs. While flies and budding yeast have only one known 
shugoshin, (Mei-S322 and Sgo1, respectively), fission yeast, Xenopus laevis and 
mammals have two shugoshin-like proteins (Sgo1 and Sgo2 in yeast and SGOL1 and 
SGOL2 in vertebrates) [35-39]. Historically, these proteins have been considered 
orthologs, however they share little sequence homology and exhibit functional 
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differences. Thus, the functions of shugoshins in yeast, flies, and vertebrates should be 
considered individually, which despite having the same name (Schizosaccharomyces 
pombe Sgo1, Saccharomyces cerevisiae Sgo1 and the mammalian SGOL1) do not 
reflect direct orthology relationships and are widely divergent in their sequence and 
function (Table 1). 
  Here we review the remarkable roles of shugoshins during the cell cycle from 
yeast to mammals, focusing on how shugoshins protect cohesins during meiosis and 
vertebrate mitosis and how they are localized to centromeres, where they carry out 
their multiple functions. We also address some unresolved aspects of the cohesin 
protection mechanism and the still poorly understood interactions between shugoshins 
and the SAC and the chromosome passenger complex (CPC). Understanding both the 
basic and more varied roles of shugoshins will shed light on the intricate push-pull of 
chromosome segregation and advance our knowledge of how misregulation of this 
delicate process can lead to cancer and infertility [40-42]. 
 
Shugoshins as guardians of cohesion 
 
The somatic role of shugoshins in budding and fission yeast differs from that in 
other organisms, as mitotic division in yeast does not have a pronounced prophase 
pathway. It is thus unsurprising there is no evidence to support a role for shugoshins in 
the protection of mitotic centromere cohesion [35,43,44]. Nevertheless, yeast 
shugoshins are required for proper chromosome segregation during mitosis, as they are 
involved in monitoring the tension between sister chromatids and correcting any 
erroneous microtubule-kinetochore attachments, as mentioned below.  
 In S. cerevisiae, the depletion of Sgo1 (Sc-Sgo1 hereafter) leads to a premature 
loss of cohesion at meiosis I. This is correlated with premature loss of Rec8 from sister 
centromeres, resulting in the frequent non-disjunction of homologous chromosomes 
during meiosis I and random segregation of sister chromatids in meiosis II [35,44,45]. 
However, mitotic Δsgo1 cells do not show precocious splitting of sister chromatids, 
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suggesting that Sc-Sgo1, like Mei-S332 in flies, is not involved in protecting 
centromeric cohesion at mitosis in S. cerevisiae [44].  
 Likewise, the depletion of Sgo1 in S. pombe (Sp-Sgo1 hereafter) decreases 
centromeric Rec8 levels and provokes precocious centromeric dissociation, leading to 
random missegregation in meiosis II [35,36]. In addition, the protective action of Sp-
Sgo1 allows accurate chromosome segregation in situations where sister chromatids 
attach aberrantly to opposite poles during meiosis I [46-48]. This is because 
centromeric cohesin is preserved in the presence of Sp-Sgo1, and the sister chromatids 
are held tightly together.  
Although neither Sp-Sgo1 nor Sp-Sgo2 are involved in protecting cohesin 
during mitosis, ΔSgo2 mutants show very slight defects in chromosome segregation 
during mitosis (a low rate of anaphase lagging). Similarly, Sp-Sgo2 does not play a 
direct role in cohesin protection during meiosis [35,36]. ΔSgo2 mutants, however, 
show severe defects in biorientation of homologous chromosomes I owing to an 
erroneous bioritentation of sister kinetochores, but these are not due to a premature 
loss of REC8 [36]. Sp-Sgo1 is thus the only protector of centromeric cohesin in 
meiosis and Sp-Sgo2 has evolved different kinetochore functions [36]. 
 In contrast to the situation in yeast, cohesins are removed in a two-step process 
during mitosis in higher eukaryotes. The majority of arm cohesin complexes are 
removed by the PLK1-dependent phosphorylation of their SA2 subunit (prophase 
pathway) [17-20], and then the small fraction of centromeric cohesin is subsequently 
removed by the separase-dependent cleavage of RAD21 [18,26]. To ensure this 
stepwise removal, centromeric cohesin complexes must be protected from their release 
during mitotic prophase. In mammals, the two shugoshin proteins SGOL1 and SGOL2 
have been studied extensively in transformed cell lines. The depletion of SGOL1 in 
humans (Hs-SGOL1) during mitosis causes a premature loss of centromeric cohesion, 
mis-segregation of sister chromatids, and mitotic arrest, suggesting that Hs-SGOL1 
plays a crucial role in protecting centromeric cohesin during prophase [37,49,50]. In 
support of this, SGOL1 is indispensable for mammalian development, as Sgol1 knock-
out mice are not viable [51]. A similar conclusion was obtained using Xenopus laevis 
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extracts, where Xl-SGOL1 function is also important for centromeric cohesion [52]. 
Taking into account both the yeast and animal observations, it seems likely that the 
original function of shugoshins was to protect centromeric cohesion during meiosis 
and that the ability of SGOL1 to protect centromeric cohesion during mitosis has been 
gained in vertebrates. 
 A small subset of cohesin complexes at the arms of mitotic chromosomes are 
not removed by the prophase pathway [53] during vertebrate mitosis. Similar to 
centromeric cohesin, this fraction of cohesin also seems to be protected by small 
amounts of SGOL1 [54]. This is consistent with the observation that in human cells, a 
small amount of Hs-SGOL1 localizes to the chromosome arms from prophase to 
metaphase, in addition to its enrichment at centromeres [54]. It has recently been 
suggested that Xl-SGOL1 contributes to stabilizing arm cohesion, at least in egg 
extracts [55]. Thus, the function of SGOL1 in protecting cohesin complexes from its 
removal via the prophase pathway in mammals is conserved in vertebrates.  
The other mammalian shugoshin, SGOL2, is not directly involved in the 
protection of centromeric cohesion during mitosis. Hs-SGOL2 is dispensable for 
keeping sister chromatids together until the onset of anaphase in HeLa cells, as 
SGOL2-depleted mitotic cells do not manifest defects in chromatid cohesion [56,57].  
Rather, Hs-SGOL2 is needed for loading mitotic centromere-associated kinesin 
(MCAK) at centromeres [56]. MCAK is a microtubule depolymerase that participates 
in the error correction mechanism at kinetochores. In HeLa cells depleted of Hs-
SGOL2, there is an increase in chromosome lagging at anaphase, which might be 
indicative of this misregulation of kinetochores attachment [56]. This defect can be 
overcome in vivo, however, as SGOL2-deficient mice develop normally and do not 
exhibit an overt phenotype [58]. Furthermore, the same study concluded that Mm-
SGOL2 is not necessary in vivo for cell cycle progression, mitotic chromatid cohesion, 
or proliferation of somatic cells, even though MCAK is delocalized from the 
kinetochores [58]. This MCAK dysfunction might enhance the stability of 
kinetochore-microtubule attachments and consequently elicit chromosome segregation 
defects in cells [59]. Nevertheless, this delocalization does not seem to be essential for 
the proliferative arrest induced by culture stress, such as treatment with microtubule 
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poisons or radiation-induced DNA double-strand breaks, in SGOL2-deficient mouse 
embryonic fibroblasts (MEFs) [58]. Similarly, it was recently shown that the depletion 
of the novel X. laevis SGOL2 (Xl-SGOL2) also does not lead to premature loss of 
cohesion in mitotic chromosomes [39].   
In contrast to mitosis, the role of shugoshins during meiosis in vertebrates 
seems to depart from the known functions of these proteins in yeast. However, the 
involvement of SGOL1 in the protection of meiotic centromeric cohesion is still not 
clear. Two independent groups looked at the role of mouse SGOL1 (Mm SGOL1) in 
oocytes using siRNA knockdown, but they obtained conflicting results. One study 
focused only on Mm-SGOL1 and concluded that it is required for maintenance of 
centromeric cohesion during meiosis I [60]. The other study analyzed the depletion of 
Mm-SGOL1 or Mm-SGOL2 and showed that Mm-SGOL1 depletion does not result in 
any loss of cohesion. However, it was found that Mm-SGOL2 is essential for 
maintenance of sister chromatid cohesion in metaphase II [51].  Additionally, Mm-
SGOL1 overexpression in oocytes disturbs chiasma resolution and the removal of 
REC8-containing cohesin complexes from chromosome arms, which blocks 
chromosome segregation during meiosis I [61]. Taken together, these experiments 
suggest that Mm-SGOL1 could protect cohesin complexes at chromosome arms in 
meiosis I, but it may not be involved in protecting centromeric cohesion. 
 SGOL2, by contrast, is required for protecting centromeric cohesin during 
meiosis. Sgol2 knock-out mice are infertile due to precocious dissociation of 
centromeric cohesin during early anaphase I [58]. Mm-SGOL2 is necessary for 
protecting REC8-containing cohesin complexes at the centromeres of the meiotic 
chromosomes at the onset of anaphase I, and loss of Ms-SGOL2 leads to a complete 
loss of centromere cohesion at metaphase II that in turn causes the formation of 
aneuploid gametes with an aberrant number of chromatids. This extreme aneuploidy 
gives rise to infertility in both males and females. Similar results were obtained in 
cultured mouse oocytes using Sgol2-RNAi [51]. Thus, vertebrate SGOL2 is 
dispensable for mitosis but is essential for maintaining cohesion between sister 
kinetochores during meiosis I, playing an analogous role to Sp-Sgo1 [58] (Table 1). 
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 A novel role for vertebrate shugoshins in centriole engagement has recently 
been described. Similar to the protection of cohesin complexes on chromosome arms, 
Hs-SGOL1 prevents centriole disengagement at the prophase pathway [62,63]. This 
function is carried out by a splice variant of Hs-SGOL1, designated sSGOL1, that 
protects paired centrioles from disengagement in early mitosis, and this function seems 
to be regulated by PLK1 [63]. Indeed, Sgol1+/- MEFs display centriole disengagement, 
and the depletion of Hs-SGOL1 in HeLa cells leads to centriole separation [63]. The 
specific function of cohesins and shugoshins at centrioles is, however, difficult to 
dissect, in part due to the impossibility of analyzing chromosome cohesion and 
centriole cohesion independently. 
Molecular mechanism of cohesion protection 
Mechanism of protection of cohesion at meiosis I 
 In yeast and vertebrates, the Rec8 subunit of the meiotic cohesin complex must 
be phosphorylated prior to cleavage by separase during meiosis I [29,64,65]. Thus, it 
has been suggested that centromeric cohesin might be resistant to phosphorylation, 
which would prevent the premature release of these complexes during the first wave of 
separase activation at the metaphase I to anaphase I transition. This idea is supported 
by the finding that phosphomimetic mutations of Rec8 cause precocious loss of sister 
centromere cohesion during meiosis, and phosphor-resistant mutations of Rec8 are 
resistant to separase cleavage, blocking chiasmata resolution [65,66]. In yeast meiosis, 
one specific variant of the PP2A phosphatase associates Sgo1 in both budding and 
fission yeast and protects centromeric cohesin by counteracting Rec8 phosphorylation 
[38,67,68]. Furthermore, a budding yeast shugoshin mutant that cannot bind to PP2A 
fails to protect centromeric Rec8 during meiosis I [61].  
These findings provide a clear molecular description of the protection of 
centromeric cohesion in yeast meiosis: Sgo1-PP2A targets Rec8 to counteract its 
phosphorylation, preventing it from being cleaved by separase. Recently, the kinases 
involved in Rec8 phosphorylation and cleavage have been identified in budding and 
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fission yeast: casein-kinase-1 (CK1) and Dbf4-dependent Cdc7 kinase (DDK) 
[65,69,70]. The depletion of these kinases impairs Rec8 cleavage even in the absence 
of Sc-Sgo1 [65]. . It should be emphasized that, while a similar mechanism exists 
during both mitosis and meiosis, different kinases are involved in cohesin 
phosphorylation during these processes, which are essential for cohesin release and 
cleavage in mitosis and meiosis respectively. Whereas DDK and CK1 are important 
for Rec8 phosphorylation during yeast meiosis, PLK1 and Aurora B are needed for SA 
phosphorylation during mitosis in mammals (Figure 1b).  
 In mouse meiosis, Mm-SGOL2 is responsible for the centromeric localization 
of PP2A to meiotic chromosomes of oocytes [51]. This is supported by the findings 
that the inhibition of PP2A with okadaic acid leads to the precocious separation of 
sister centromeres, and the recruitment of PP2A to the arms of chromosomes through 
overexpression of Mm-SGOL1 blocks cohesin cleavage in oocytes [61,71]. Consistent 
with the idea that a PP2A-SGOL2 interaction is needed to prevent cohesin removal, 
recruitment of PP2A by Mm-SGOL2 is required to prevent the precocious separation 
of sisters during the first meiotic division in mouse oocytes (Figure 1b) (A. Rattami 
and K. Nasmyth personal communication). In sum, the experimental data suggest that 
the mechanism of cohesin protection during meiosis by shugoshins is evolutionarily 
conserved from yeast to mammals. To further test this, it will be important to 
investigate whether mouse REC8 and the new α-kleisin identified, RAD21L, are 
phosphorylated by CK1 and DDK and/or PLK1 [13,14] and whether shugoshins also 
protect RAD21L from separase cleavage.  
Mechanism of protection during the mitotic prophase pathway 
In vertebrates, the SA subunit of mitotic cohesin complexes must be 
phosphorylated by PLK1 for release by the prophase pathway in the mitosis of 
vertebrates [18,20]. In support of this, the expression of non-phosphorylatable SA2 
mutants or the depletion of PLK1 in vertebrate cells impairs cohesin release during the 
mitotic prophase pathway, indicating that centromeric cohesin might also use 
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resistance to phosphorylation as a mechanism to avoid their premature release 
[18,20,53]. 
Both Hs-SGOL1 and Hs-SGOL2 interact with PP2A phosphatases, suggesting 
that PP2A could be responsible for counteracting the phosphorylation of the SA 
subunit of cohesin, which has been shown in vitro [38]. Thus, a similar mechanism to 
that seen in meiosis could also prevent the dissociation of cohesin from centromeres 
during the mitotic prophase pathway [38] (Figure 1a). However, this assertion requires 
further experimental validation.  
Modeling cohesion removal during meiosis II 
 A major outstanding question in the field is the process that makes centromeric 
cohesin sensitive to separase cleavage during metaphase II [27,72]. In fission yeast, 
Sp-Sgo1 and PP2A are associated with centromeres during meiosis I but not during 
meiosis II. Interestingly, artificially targeting Sgo1/PP2A to meiosis II centromeres 
does not inhibit cleavage of cohesin, suggesting that a different mechanism (other than 
Rec8 phosphorylation) might operate during meiosis II [73,74]. 
 In mammals, however, Mm-SGOL2 appears at the centromeres of metaphase II 
chromosomes and is redistributed from the inner centromere towards the kinetochores 
as a consequence of the tension across the centromeres at metaphase. If the tension 
does not act on the centromeres, shugoshins remain colocalized with cohesins, which 
would prevent separase cleavage of cohesins at the centromeres of meiotic 
chromosomes [51,75] (Figure 2; Tension model). However, this model may be 
vertebrate specific. In budding yeast, monopolin mutants, which are defective in 
mono-orientation during meiosis I (and hence the sister centromeres are under 
tension), are able to protect cohesin [76]. It is also in contrast to the evidence 
suggesting that Sp-Sgo1 is able to protect centromeric cohesion when sister 
chromatids attach aberrantly to opposite poles during meiosis I [46-48; see above]. 
Hence, the mechanism making cohesins susceptible to release during anaphase II does 
not appear to be conserved between yeast and mouse, indicating that shugoshins have 
diverged in their functions in higher eukaryotes. 
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More than cohesion protectors: the interplay between shugoshin localization and 
the regulation of the SAC and CPC. 
 
 For proper chromosome segregation in mitosis, the sister kinetochores must 
attach spindle microtubules emanating from opposite spindle poles, which generates 
tension across centromeres. To coordinate these processes the CPC, SAC and APC/C 
interplay is essential. The CPC includes one kinase, Aurora B, and several regulatory 
components (INCENP, Bir1/Survivin and Borealin) and remains at the inner 
centromere until anaphase onset when it redistributes to the midzone of the anaphase 
spindle and the equatorial cell cortex [77]. When kinetochores are unattached or do not 
undergo tension due to improper interaction with microtubules, Aurora B 
phosphorylates kinetochore substrates (i.e. MCAK), which destabilizes mis-
attachments, thereby providing time for the errors to be corrected [77].  At present, it is 
not clear whether the CPC functions solely by generating unattached kinetochores 
which in turn recruit the APC or whether the CPC also functions directly to activate 
the canonical SAC components (i.e. BubR1, Bub3, Mad2 and Cdc20) to inhibit the 
APC [78]. 
 
Shugoshins and the SAC 
 The functional localization of shugoshins at centromeres depends on the 
conserved SAC protein kinase Bub1 [35,50,79]. Both yeast and mammalian 
shugoshins require the phosphorylation of the histone H2A, at S121 and T120, 
respectively, by Bub1 for proper localization to centromeric regions [80] (Figure 3a-c). 
The mechanism underlying the interaction between shugoshins and nucleosomes 
containing phospho-H2A remains unclear. However, it is important, as the conditional 
depletion of BUB1 prevents Hs-SGOL1 from loading at mitotic centromeres. 
 More recently, MAD2, another protein of the SAC, was identified as an 
interactor of Hs-SGOL2, and this interaction is conserved in X. laevis [57]. The 
significance of this interaction, however, awaits further in vivo validation in terms of 
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SAC and chromatid cohesion. It is interesting to note that Sgol2 knock-out 
spermatocytes undergo partial arrest at metaphase II followed by apoptosis [58]. 
However, nearly half of them escaped this blockade and underwent normal 
spermiogenesis, leading to aneuploid spermatozoa [58]. Whether this escape from 
apoptosis is dependent on a relaxation of the SAC due to the lack of SGOL2-MAD2 
interaction is an interesting open question and would support a function of Mm-
SGOL2 in the SAC during mouse meiosis independent of its canonical role in sister 
chromatid cohesion in meiosis. 
 
Shugoshins and the CPC 
 The function of shugoshins is also regulated by its CPC-dependent localization 
at centromeres. Drosophila Mei-S332 functional localization is under the control of 
INCENP and requires phosphorylation by Aurora B to ensure centromeric localization 
in both meiosis I and mitosis. Conversely, the centromeric function of Aurora B, but 
not its localization, is regulated by Mei-S332 [81]. In fission yeast, Sp-Sgo2 promotes 
CPC recruitment to the centromeres by the Cdc2-dependent phosphorylation of the 
Bir1 subunit [82-84]. Reciprocally, Bir1 is needed for the Sp-Sgo2 enrichment at 
centromeres during mitosis [82] (Figure 3c). In vertebrates, the recruitment and 
maintenance of SGOL1 and SGOL2 at the centromeres is also dependent on the 
Aurora B subunit of the CPC [56,85,86]. Inversely, Xl-SGOL1 is the only shugoshin 
required for proper localization of the CPC (INCENP) whereas Xl-SGOL2 promotes 
Aurora B activation [39]. In humans, however, both shugoshins (Hs-SGOL1 and Hs-
SGOL2) are simultaneously required for the centromeric localization of Aurora B 
[56,84,87]. This recruitment of human Aurora B is carried out by CDK1-dependent 
phosphorylation of Borealin, which has been postulated to be functionally equivalent 
to the Cdc2-dependent phosphorylation of the fission yeast Bir1/Survivin [85] (Figure 
3b,3d). In addition, mammalian SGOL2 activity, through the recruitment of PP2A and 
MCAK, relies on Aurora B-dependent phosphorylation [88] (Figure 3d). 
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     Recently, it has been determined that the N terminus of the Hs-SGOL1 mimics the 
phosphorylated N terminus of histone H3, which is recognized by the BIR domain of 
Survivin. Thus, Hs-SGOL1 and phospho-H3 might compete for binding to Survivin, 
regulating the recruitment of the CPC complex to the centromere [89] (Figure 3b). 
This hypothesis awaits experimental validation and verification of its functional 
relevance.  
  It is interesting to note that whereas Sp-Sgo1 recruits PP2A, and Sp-Sgo2 
facilitates CPC targeting to centromeres, Hs-SGOL1 and Hs-SGOL2 share both of 
these functions [38,82,84]. Again, these differences highlight the divergence between 
the roles of these paralogs. In summary, shugoshins are targeted to centromeres 
through a combination of epigenetic marks at the centromeric chromatin and through 
their interactions with components of the CPC (Table 1). 
 
Shugoshins and tension 
Given the canonical function of shugoshins in protecting cohesin complexes 
and the interplay between shugoshins and the CPC and SAC, it is not surprising that 
they also participate in other functionally relevant aspects of chromosome dynamics, 
such as kinetochore orientation and tension sensing.  For instance, Sc-Sgo1 is required 
for attachment of microtubule to kinetochore by acting as a sensor of tension during 
mitosis [43,90]. Moreover, Sc-Sgo1 delays activation of the APC/C when there is a 
lack of tension at the inter-connection between microtubules and kinetochores during 
mitosis [43]. However, Sc-Sgo1 is not essential for sensing the lack of tension at 
kinetochores between homologous chromosomes during meiosis I [90]. In addition, 
Sp-Sgo2 is required to correct erroneous attachment during a prolonged mitotic 
spindle checkpoint arrest. This function could be carried out by the centromeric 
recruitment of Aurora B [82,83]. This Aurora-dependent function of Sp-Sgo2 seems to 
be conserved in meiosis because the meiotic defects of ΔSgo2 mutants are, at least 
partly, reproduced in the Aurora B mutants and overexpression of Bir1 partially 
rescues the Sgo2 mutant phenotype [82]. Thus, although the exact molecular 
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mechanism remains unclear, shugoshins might promote kinetochore biorientation 
through Aurora B recruitment, at least in yeast.  
In vertebrates, SGOL2 participates in spindle assembly by promoting the 
recruitment of MCAK to centromeres and its microtubule depolymerizing activity 
[39,56]. Thus, shugoshins are involved in monitoring the tension between sister-
chromatids in yeast and in regulating microtubule dynamics in yeast and vertebrates. 
This is likely due to their interplay as adaptor proteins with the CPC and SAC 
members in both a temporal and spatial manner. 
 
Concluding remarks 
 The expanding study of shugoshins has been confounded by the assignment of 
inaccurate orthologies between yeast and their vertebrate counterparts. However, it 
seems likely that their original function was to protect centromeric cohesion during the 
first meiotic division. Following this, novel functions have been gained and lost by 
new paralogs, such as the ability of SGOL1 to maintain centromeric cohesion during 
vertebrate mitosis, recruit CPC and maintain centriolar cohesion. Additionally, the 
appearance in vertebrates of paralogs of the cohesin complex [13-16] could have 
favored the acquisition of novel unprecedented functions by shugoshins. It will be 
challenging to determine whether these novel cohesin complexes are functionally and 
specifically protected by shugoshins during mitosis and meiosis. 
 Shugoshins also have functions beyond the protection of the cohesin complex. 
Aside from this role, novel functions of shugoshins have emerged more recently, 
including sensing kinetochore tension [43,90], involvement in accurate kinetochore-
microtubule attachment [82,83], and protecting centriole cohesion [62,63]. Thus, 
shugoshins interact with proteins of the CPC, APC/C, and interestingly with the SAC 
complex. An important point to be clarified involves the role of mammalian SGOL2 in 
the SAC during meiosis I and II and what the functional in vivo consequences of the 
interaction of SGOL2 with the master checkpoint protein MAD2 are.  
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Despite recent advances, there are still many open questions about shugoshins. For 
example, it remains to be formally demonstrated if the yeast mechanism of protection 
of meiotic cohesins through PP2A-dependent dephosphorylation is conserved in 
higher eukaryotes. It is also unclear if the ability of SGOL1 to protect the specialized 
centriolar cohesin complex is the underlying molecular mechanism of the centriolar 
engagement. Why is cohesin susceptible to release at anaphase II even in the presence 
of shugoshin? and what is the role of vertebrate SGOL1 in protecting a residual 
amount of cohesin at the chromosome arms?  In addition to these questions, an 
exciting and unexplored field is how misregulation of shugoshins promotes 
chromosome instability and aneuploidy, which can ultimately lead to birth defects and 
infertility. Thus, it will be of great interest to delineate how shugoshins participate in 
disease development and progression, and how genetic variants (somatic and/or 
germline) impact their activity.  
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Glossary   
Bi-orientation:  orientation of the two sister kinetochores of each chromosome to 
opposite poles. 
Centromeric chromatin: chromatin where centromeric protein A is incorporated, 
underlying the kinetochore. 
Centromeric cohesion: a resisting force that counteracts the spindle-pulling forces by 
holding sister chromatids together at the centromeres. 
Chromatid: an identical copy of a chromosome that is created through DNA 
replication. The two sister chromatids of a chromosome each become a chromosome 
when their centromeres are separated in mitosis or in the second meiotic division. 
Cohesin: a ring-shaped multiprotein complex that tethers sister chromatids and 
promotes cohesion. 
Kinetochore: a multiprotein complex assembled on centromeric DNA that enables the 
attachments between the chromosomes and microtubules of the spindle. 
Meiosis: a specific division consisting of a single DNA replication, followed by two 
rounds of chromosome segregation, resulting in the production of haploid gametes 
(spores in yeast) from a diploid precursor cell. 
Mitosis: the process of equal segregation of the replicated DNA (packaged in 
chromosomes) from a dividing cell to its emerging two daughter cells.  
Mono-orientation: orientation of the two sister kinetochores of each chromosome to 
the same pole. 
Spindle: microtubule-based structure that separates chromosomes in mitosis and 
meiosis toward opposite poles of the dividing cell.  
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Figure 1. The molecular mechanism of shugoshin-dependent protection of 
centromeric cohesin complexes.  
(a) Mammalian SGOL1 recruits PP2A to centromeres to counteract PLK1-mediated 
SA1/2 phosphorylation which protects centromeric cohesion in mitotic cells during the 
prophase pathway. (b) Fission and budding yeast Sgo1 (upper figure) protects 
centromeric cohesin complexes during meiosis I through the recruitment of PP2A to 
centromeres. This phosphatase reverses the CK1- and/or DDK-dependent 
phosphorylation of the Rec8 subunit of the cohesin complex, preventing Rec8 
cleavage by separase at the onset of anaphase I. During mammalian meiosis I (lower 
figure), SGOL2 recruits PP2A to centromeres, which counteracts the phosphorylation 
of REC8 by an as yet unknown kinase, protecting centromeric cohesin from separase-
cleavage. 
Black dotted arrows indicate phosphorylation events. Black solid arrows indicate 
PP2A-specific dephosphorylation. Red arrows represent inhibitory relationships. 
Chromatin is represented by a blue helix. 
Figure 2. Model of tension-dependent relocation of shugoshin proteins. The absence 
of tension across the centromeres of sister chromatids in mitotic 
prophase/prometaphase or meiotic metaphase I (mouse) preserves shugoshin 
colocalization with cohesins, protecting them from separase cleavage. During 
metaphase II and mitotic metaphase, SGOL2 and SGOL1 relocate from the inner 
centromere towards the kinetochores owing to the tension generated between the sister 
chromatids by the pulling forces of the spindle. As a result, cohesins are not protected 
at the centromeres and are cleaved by separase leading to faithful equal segregation. 
Adapted from references 51,58,75. 
Figure 3.  Targeting shugoshins to centromeres and recruitment of other proteins (a) 
Swi6 (ortholog of metazoan HP1) [193] and H2A phosphorylation (S121) by the 
kinase BUB1 are involved in the recruitment of S. pombe Sgo1 to centromeres in 
meiosis I. (b) Centromeric localization of SGOL1 is determined by the presence of 
H3K9me3-HP1α [94] and the phosphorylation of H2A-T120 in a BUB1-dependent 
manner. The kinase subunit of the chromosomal passenger complex (CPC), Aurora B, 
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is also required for the localization of SGOL1. Reciprocally, phosphorylation of the 
CPC subunit Borealin by CDK1 promotes the centromere targeting of the CPC 
through its interaction with SGOL1. The CPC subunit Survivin recognizes the N 
terminus of SGOL1. SGOL1 also promotes the kinetochore binding of PLK1, a kinase 
involved in tension-responsive signal transduction, kinetochore microtubule 
attachment, and chromosome congression [37,95]. Additionally, SGOL1 regulates the 
kinetochore binding of CENP-F, a centromere protein required for kinetochore-
microtubule interactions and spindle checkpoint function [87]. SGOL1 is 
phosphorylated by NEK2A (NIMA-related kinase 2A), a kinetochore-associated 
kinase necessary for accurate chromosome dynamics that is essential for the proper 
attachment of spindle microtubule to the kinetochore [96]. (c) Fission yeast Sgo2 and 
Bir1 mutually require each other to localize at centromeres. The Cdc2-dependent 
phosphorylation of Bir1 is needed for the interaction with Sgo2 and consequently 
promotes CPC recruitment onto centromeres. Sgo2 also requires the phosphorylation 
of H2A-S121 by Bub1 to localize to centromeres. (d) Aurora B and BUB1 are 
required by mammalian SGOL2 for centromeric localization. BUB1 is also required 
for the localization of MCAK [96]. CDK1-dependent phosphorylation of Borealin 
contributes to centromere recruitment of the CPC through interaction with SGOL2. 
Phosphorylation of SGOL2 by Aurora B promotes recruitment of MCAK to the 
centromeres. SGOL2 could be an upstream regulator of MAD2 and thus, could 
participate in the spindle checkpoint signaling during meiosis. Blue arrows indicate 
interaction and/or dependence for centromeric localization. Black dotted arrows 
indicate phosphorylation. Chromatin is represented by a blue helix. 
 
 
Protection of 
mitotic centromere 
cohesion
Protection of 
meiotic centromere 
cohesion
CPC localization 
Sensor of tension/ 
microtubule 
dynamics
MAD2 
interaction Refs.
S. cervisiae Sgo1 no yes no yes - [35,43,44, 90,91]
S. pombe Sgo1 no yes no - - [35,36,82,84]
S. pombe Sgo2 no no yes yes - [35,36,82,83]
D. melanogaster
Mei-S322 no [33], yes [92] yes no predicted - [33,81,92]
X. laevis SGOL1 yes - no [85], yes [39,52] yes yes [37,39,52,57,85]
M. musculus
SGOL1 - yes [60], no [51] - - no [51,57,60]
H. sapiens SGOL1 yes - no [82], yes* [84] yes no [37,49,50, 57,82,84,87,95]
X. laevis SGOL2 no - no yes - [39]
M. musculus
SGOL2 no yes - - yes [51,57,58]
H. sapiens SGOL2 no [56,57], yes [88] - yes* yes yes [82,56,57,84,88]
CPC: Chromosome passenger complex.
*Depletion of both SGOL1 and SGOL2 is necessary to impair localization of CPC [53].
‐: Unknown function.  
Table 1. Function of shugoshins in different species.
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